Background. Patients with symptomatic kidney stones are characterized by older age, male gender, white race, hypertension, obesity, metabolic syndrome and chronic kidney disease. Whether these characteristics differ in patients with asymptomatic kidney stones is unknown.
Introduction
Up to 12% of men and 5% of women will develop a symptomatic kidney stone during their lifetime [1] , and almost all of what we know about risk factors for kidney stones are derived from this symptomatic subset of stone formers [1] [2] [3] . Symptomatic stones are more prevalent in men, white individuals and older adults [1, 4] and have been linked to many systemic conditions including hyperparathyroidism [5, 6] , diabetes mellitus [7] , obesity [8, 9] , metabolic syndrome [10] [11] [12] , hypertension [13] [14] [15] , gastric bypass [16] and chronic kidney disease [17] [18] [19] [20] [21] . Symptomatic kidney stones have also been associated with polycystic kidneys [22] , upper urinary tract dilatation [23] and medullary sponge kidney [24, 25] . However, it is unknown whether asymptomatic stone disease has similar risk factor and comorbidity associations, and the stone burden among persons with asymptomatic versus symptomatic kidney stones has not been adequately characterized. This is an important issue to resolve since shared risk factors would imply that asymptomatic kidney stones are simply the precursors of later symptomatic ones, while a different risk factor profile would suggest instead that pathophysiological mechanisms may differ between asymptomatic and symptomatic stones formers. Unfortunately, the lack of systematic data collection on asymptomatic kidney stone patients has hampered efforts to answer this question. We took advantage of the opportunity to study potential kidney donors, who undergo high resolution computed tomography (CT) scans of the kidneys that are not available in existing general population studies. Recognizing that potential kidney donors are selected on health, the primary objective of this study was to determine if asymptomatic kidney stone formers are characterized by any of the comorbidities described in symptomatic kidney stone formers. A secondary objective was to characterize the radiographic stone burden between potential kidney donors with and without a past history of symptomatic kidney stones.
Materials and methods

Study population
Per standard protocol, all potential living kidney donors seen at the Mayo Clinic between 30 March 2000 and 23 July 2008, underwent CT angiography/urography to evaluate anatomy and identify any abnormalities of the renal arteries and kidneys [26] . Prior to their initial clinic visit, all potential donors were pre-screened. Based on a telephone interview with a transplant nurse, potential donors were excluded from further evaluation if they reported diabetes mellitus, use of more than one antihypertensive medication (two were permitted if one was a thiazide diuretic), illegal drug use, psychiatric disorders, hepatitis, human immunodeficiency virus, significant cardiovascular disease or a history of urologic procedures that would preclude donation. Some potential donors who reported a history of symptomatic kidney stones on the telephone interview were excluded from further evaluation, particularly if frequent symptomatic stone passage was present. The remaining potential donors underwent further evaluation at a clinic visit that included pre-scheduled CT angiography/urography of the kidneys. The medical records of the potential kidney donors who authorized the use of their medical records for research in accordance with Minnesota State law (97%) were reviewed for clinical, laboratory and radiographic findings [27] .
CT scans
CT angiograms/urograms were interpreted by radiologists with specialized interest in genitourinary imaging and included precontrast scans for kidney stones. In 2000-05, all exams were acquired on a 4-channel multidetector CT scanner (Qxi; GE Medical Systems, Milwaukee, WI). Beginning in September of 2005, all renal donor CT evaluations were obtained on a 64-channel multidetector CT scanner (Sensation 64; Siemens Medical Solutions, Forchheim, Germany). All CT scan reports were manually reviewed (enhanced chemiluminescence), and stones identified by the radiologist as being 'tiny' were labeled as 0.5 mm in diameter. If the size of the largest stone or the number of stones was not specified in the report, the CT images were reviewed to capture this data. Reported parenchymal calcifications were not considered stones. Any mention of caliectasis, pyelectasis or a generous dilated or prominent collecting system was identified as upper urinary tract dilatation. Polycystic kidney disease was identified if the radiologist described findings consistent with polycystic kidney disease or if it was diagnosed in the medical record.
Other donor characteristics
Potential kidney donors undergo a detailed clinical evaluation by a nephrologist to determine suitability for donation. All charts were manually reviewed for race, medications (calcium supplement, multivitamin, vitamin C supplement, allopurinol and thiazide diuretic), blood pressure, body mass index (BMI), past symptomatic kidney stones, comorbidities [diabetes, hypertension, history of urinary tract infection, gastric bypass, chronic diarrhea and history of cardiovascular events (stroke, myocardial infarction, heart failure and symptomatic peripheral arterial disease)] and habits (alcohol use and cigarette smoking). Protocol-based laboratory studies included glomerular filtration rate (iothalamate clearance), 24-h urine volume, 24-h urine albumin and protein, as well as serum total cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol, fasting glucose, uric acid, calcium and phosphorus. Urine volume was dichotomized at 1000 mL to assess the association between very low urine volumes and kidney stones.
Urine albumin was dichotomized at 15 mg and 30 mg/24 h since 23% of potential donors had urine albumin levels below the threshold of detection. Metabolic syndrome was defined by a BMI > 30 kg/m 2 and any two of the following: (i) triglycerides ! 150 mg/dL, (ii) HDL cholesterol < 40 mg/dL in men and <50 mg/dL in women, (iii) fasting glucose ! 100 mg/dL or (iv) 18-h mean systolic blood pressure ! 130 or 18-h mean diastolic blood pressure ! 85 or antihypertensive therapy [28] .
Statistical analysis
For the primary analysis, we assessed associations with asymptomatic kidney stones by comparing persons with radiographic stones to persons without radiographic stones, after excluding potential kidney donors with past symptomatic kidney stones. To be comparable to prior studies on kidney stones, we also compared persons with and without a history of past symptomatic stones. Demographic characteristics, comorbidities, medications, laboratory studies and radiographic findings were compared between groups by Rank sums tests (continuous) and chi-square tests (categorical). Among potential donors with radiographic kidney stones, the number of stones, the diameter of the largest stone and the proportion with bilateral stones were compared between persons with and without past symptomatic kidney stones. A multivariable logistic regression model assessed the likelihood of past symptomatic kidney stones with the radiographic number of stones, diameter of largest stone and presence of bilateral stones. A P-value <0.05 was considered statistically significant. All analyses were performed with SAS version 9.1 (SAS Institute, Cary, NC).
Results
The study sample consisted of 1957 potential living kidney donors who were 58% female, 92% white and had a mean age of 43 years (range, 18-76 years). As expected, potential living kidney donors were characterized as a population with a low burden of diabetes mellitus (0.2%) and past cardiovascular events (0.4%), and these comorbidities were not further evaluated. However, other comorbidities known to associate with kidney stones, particularly, hypertension (15%), obesity (30%) and metabolic syndrome (28%) were common. Overall, 2.7% (n ¼ 53) of the potential donors had past symptomatic kidney stones, whereas 11% (n ¼ 210) had radiographic kidney stones on CT scan. The 53 subjects with past symptomatic stones were more likely (P < 0.0001) to have radiographic stones [47% (95% CI: 34-60%)] than persons without past symptomatic stones [9.7% (95% CI: 8.5-11%)].
Many of the associations reported with symptomatic kidney stones were not reproduced in the subjects with asymptomatic stones (Tables 1 and 2 ). The prevalence of asymptomatic stones did not vary by age (>45 years: 9.8% versus <45 years: 9.8%; P ¼ 0.93) or sex (men: 9.9% versus women: 9.4%; P ¼ 0.68) but differed by race (whites: 10% versus non-whites: 5.2%; P ¼ 0.045). The prevalence of past symptomatic stones did differ by age (>45 years: 3.9% versus <45 years: 1.7%; P ¼ 0.003) but was not statistically significant for gender (men: 3.4% versus women: 2.2%; P ¼ 0.12) or race (whites: 2.5% versus non-whites: 2.5%; P ¼ 0.89). Potential donors with asymptomatic radiographic kidney stones were more likely than the 1719 unaffected subjects to have 24-h urine volume <1000 mL , renal parenchymal thinning, renal focal scarring, medullary sponge kidney and polycystic kidney disease but were not more likely to have hypertension, obesity, metabolic syndrome, albuminuria, reduced glomerular filtration rate, hyperuricemia, hypercalcemia or hypophosphatemia. In comparison, potential donors with past symptomatic kidney stones were more likely to have hypertension, albuminuria and hypophosphatemia. With ageadjustment, the association with hypertension was not statistically significant (P ¼ 0.25), but the associations with 24-h urine albumin >15 mg (P ¼ 0.002) and lower serum phosphorus (P ¼ 0.004) remained.
Among persons with radiographic stones, those who also had past symptomatic stones had a higher number of stones (mean: 2.7 versus 2.4; P ¼ 0.04) and a greater diameter (mean: 4.8 versus 1.6 mm; P < 0.0001) of the largest stone ( Figure 1 ). The prevalence of bilateral kidney stones was also higher in persons with past symptomatic kidney stones (48% versus 23%; P ¼ 0.010). In the multivariable model, Characteristics asymptomatic stonespast symptomatic stones had a statistically significant association with the diameter of the largest stone (P < 0.0001) but not with the total number of stones (P ¼ 0.083) or with bilateral stones (P ¼ 0.056).
Discussion
Our study shows that asymptomatic kidney stone formers may not share the same burden of comorbidities that has been described in symptomatic stone formers. Whereas previous studies have shown that symptomatic stones to be more prevalent among older adults and men [1, 4] and to be associated with systemic conditions such as hypertension [13] [14] [15] , obesity [8, 9] , metabolic syndrome [10] [11] [12] and chronic kidney disease [17] [18] [19] [20] [21] 29] , we found that the prevalence of asymptomatic radiographic stones did not differ by age or gender or with hypertension, obesity, metabolic syndrome, urine albumin or glomerular filtration rate. The differing characteristics among persons with asymptomatic compared to symptomatic stones suggest that there could be different underlying mechanisms and sequelae for stone formation versus stone growth and passage. In our cohort of potential kidney donors, asymptomatic stones were common and found in 9.7%. Asymptomatic stones were associated with a different set of risk factors compared to symptomatic stones. Potential donors with asymptomatic stones were more likely to be of white race but were not characterized by older age or male gender as is associated with symptomatic stones [1, 4] . Donors with asymptomatic stones were more likely to have 24-h urine volume < 1000 mL, but no significant difference in mean urine volumes, suggesting that only very low urine volumes contribute to stone formation in this population. Among our total cohort of potential donors, 25% had at least one anatomical abnormality of the renal arteries or kidneys on the CT scan [26] . The association of asymptomatic stones with renal parenchymal thinning/atrophy and focal scarring suggests presence of either occult reflux or parenchymal injury from the stones in these donors. The association of stones with medullary sponge kidney [24, 25] and polycystic kidney disease [22] has been previously reported. Interestingly, many cardiovascular risk factors known to associate with symptomatic stones, including hypertension, obesity, metabolic syndrome and urine albumin, were not associated with asymptomatic stones. Findings for the potential donors with past symptomatic kidney stones were more consistent with the published literature insofar as they had larger radiographic stones and were more likely to be older and have hypertension. Symptomatic stone formers were also more likely to have albuminuria, as other investigators have noted [30] . This finding is important because most prior studies associating kidney stones with chronic kidney disease have relied on serum creatinine or diagnostic codes and lacked urine albumin measures [17] [18] [19] [20] [21] 29] . In addition, we confirmed an association between symptomatic kidney stones and lower serum phosphorus levels that others have reported [31] . Lower serum phosphorus levels in stone formers may be a manifestation of occult hyperparathyroidism [32] or other genetic or acquired causes of renal phosphate wasting that promote hypercalciuria [33] .
Among persons with radiographic stones, past symptomatic stone formers had much larger stones but only slightly more stones than asymptomatic stone formers. Thus stone size, more than stone number and bilateral stones, was the most informative predictor of past symptomatic stone passage. This relationship is biologically plausible as a single large stone will obstruct with passage, leading to pain, whereas many small stones can pass through the urinary tract without obstruction or pain. These findings support the use of stone growth as a surrogate for symptomatic passage. It appears that low urine volume (<1000 mL in 24 h) may be a modifiable risk factor for preventing stone formation. Whether other dietary interventions that are commonly used in symptomatic stone formers [34] are of clinical benefit in patients with small asymptomatic stones is unclear.
Our study has several potential limitations that may explain why we could not detect several previously reported associations with symptomatic kidney stones. Given that our study population consisted of potential kidney donors, the spectrum and severity of symptomatic stone disease and comorbidities was limited compared to the general population unselected on health status. In particular, many patients with a history of past symptomatic stones, diabetes and cardiovascular disease were excluded. Some potential kidney donors are also related to recipients with kidney failure from kidney stones (0.2%) or conditions that cause kidney stones (polycystic kidney disease in 5% and congenital obstruction or reflux in 3%), but these conditions were not associated with either radiographic or past symptomatic stones in the donors (P > 0.05 for all). Nonetheless, these limitations must be balanced with the lack of systematically collected CT scans in less select populations. Furthermore, asymptomatic kidney stones were still common (10%) among potential kidney donors despite selection on health. Another limitation of our study was the absence of information on stone composition or urine chemistries. Finally, the CT scan technology changed over the 9-year study period, but this did not lead to changes in prevalence of radiographic findings including kidney stones [26] .
In conclusion, our study suggests that asymptomatic stones are not only common but may be relatively benign given the lack of association with many of the comorbidities that associate with symptomatic kidney stones. The pathophysiology of asymptomatic stones appears to involve different genetic and environmental factors than those governing stone growth and symptomatic passage. Asymptomatic stones do not appear to always be precursors for symptomatic stones. In fact, the mean age difference between the two groups of stone formers in our study was only 4 years. Future research is needed to assess the long-term outcome of radiographic stones, particularly in persons who only have small stones and never develop symptomatic disease.
